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We re-evaluate the structure and spreading evolution of the southeastern Norway Basin (NB) based on
a new high resolution aeromagnetic survey (NB-07). The survey covers a complete oceanic spreading
segment from the continentaleoceanic transition of the Møre margin, off Norway to the aborted Aegir
Ridge. The new survey documents a transform margin, an orthogonally rifted segment and an oblique-
sheared volcanic margin formed during the onset of breakup, observed from the East Jan Mayen Fracture
Zone to the Faroe Platform. The detailed fabric of the NB revealed by the new data indicates that two
distinct tectonic phases have reshaped the basin before the cessation of seafloor spreading and abortion
of the Aegir Ridge in the Late Oligocene. After continental breakup, Phase I (from C24 to C21r, w52 to
49 Ma) marks the earliest phase of spreading, probably initiated in the central and outer part of the Møre
Basin. During this period, competing oceanic segments led to the formation of overlapping systems and
pseudo-fault development. We observe a significant change in the NB’s oceanic spreading system in the
late Early Eocene and, based on observations from surrounding areas, we suggest that this is a record of
a major tectonic event in the NorwegianeGreenland Sea around C21r (49e47.9 Ma). During Phase II
(from C21r to C10?, 48 to 28 Ma) of NB’s development, spreading rates decreased, spreading direction
changed, and the number of faulting with large displacement increased leading to the formation of
unexpected NeS oriented oceanic fracture zones. The fan-shaped development of the spreading system
initiated around C21r (w49e47.9 Ma) instead of C18eC17 (w40e38 Ma) or C24 (53.3e52.3 Ma) as
previously proposed. These new observations were used to re-evaluate the tectonic evolution of the
NorwegianeGreenland Sea and discuss some implications on the syn- and post-breakup development of
the surrounding continental margins and the evolution of the Jan Mayen microcontinent.

� 2012 Published by Elsevier Ltd.
1. Introduction

Continental rifting is usually followed by the development of
seafloor spreading, but how and where rupture of the lithosphere
occurs and why and how a new ocean develops (and eventually
becomes extinct) remain fundamental questions in Earth science.
In recent years, detailed geophysical and geological studies have
focused on early spreading systems and their complex architecture
described by seismic, heat flow, bathymetric, gravimetric and
magnetic signature and their relationships with the adjacent rifted
margins and continenteocean transition (COT) (Blaich et al., 2011;
d’Acremont et al., 2006; Døssing et al., 2010; Franke et al., 2007;
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Lizarralde et al., 2007; Lucazeau et al., 2009; Moulin et al., 2010;
Péron-Pinvidic and Manatschal, 2010; Taylor et al., 2009).

The Norway Basin (NB) is one of the oceanic sub-basins of the
NorwegianeGreenland Sea whose complex structure makes it an
important region for investigating seafloor spreading processes and
the rift segmentation evolution in space and time since lithospheric
rupture (Fig. 1). The NB developed after a long period of rifting
between North America/Greenland and Eurasia reaching conti-
nental breakup in Early Eocene followed by seafloor spreading until
the extinction of the Aegir Ridge (Talwani and Eldholm, 1977)
(Fig. 1). It has been the subject of thorough pioneer geophysical
investigations twoethree decades ago which revealed the major
outlines and first order tectonic development of this complex
oceanic basin (Grønlie et al., 1979; Skogseid and Eldholm, 1987,
1988; Talwani and Eldholm, 1977; Vogt, 1986). Since then, the NB
was only sporadically investigated (Jung and Vogt, 1997;
Uenzelmann-Neben et al., 1992) as most of the geophysical studies
revisited: From continental breakup to spreading ridge extinction,
015

mailto:Laurent.Gernigon@NGU.NO
www.sciencedirect.com/science/journal/02648172
http://www.elsevier.com/locate/marpetgeo
http://dx.doi.org/10.1016/j.marpetgeo.2012.02.015
http://dx.doi.org/10.1016/j.marpetgeo.2012.02.015
http://dx.doi.org/10.1016/j.marpetgeo.2012.02.015


Figure 1. Main physiographic features of the NorwegianeGreenland Sea and outline of the new NB-07 aeromagnetic survey acquired in the Norway Basin (NB). The new dataset
covers the eastern part of the NB between the Møre volcanic margin and the aborted Aegir Ridge (AR). In the central part of the oceanic basin, the Aegir Ridge represents an early
spreading centre aborted during Oligocene. The plate relocated to the Kolbeinsey Ridge (KR) that is active today. The opening of Iceland Plateau led to the progressive isolation of the
Jan Mayen microcontinent (JMMC) located north of Iceland at present day. EJMFZ: East Jan Mayen Fracture Zone; FSB: FaroeeShetland Basin; MR: Mohn’s Ridge; TR: Treitel Ridge;
VMH: Vøring Marginal High; VS: Vøring Spur; WJMFZ: West Jan Mayen Fracture Zone.
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and research activities were focused on the adjacent rifted margins
(Brekke, 2000; Faleide et al., 2008; Maystrenko and Scheck-
Wenderoth, 2009; Mjelde et al., 2009; Osmundsen and Ebbing,
2008; Scheck-Wenderoth and Maystrenko, 2008; Scheck-
Wenderoth et al., 2007). In the mean time, several review studies
have attempted to place the NorwegianeGreenland Sea evolution
into a regional context and predict geodynamic implications, using
available geophysical and geological data and knowledge (Skogseid,
1989; Mosar et al., 2002; Skogseid et al., 2000). Some contributions
have highlighted the importance of the NorwegianeGreenland Sea
spreading evolution to comprehend the isolation of a microplate
such as the Jan Mayen microcontinent (JMMC) which forms an
intriguing intermediate conjugate margin system between Norway
and Greenland (Breivik et al., 2012; Gaina et al., 2009; Gudlaugsson
et al., 1988; Nunns,1983; Scott et al., 2005; Unternehr, 1982) (Fig.1).
Based on newly acquired geophysical data (seismic refraction,
shiptrack magnetic anomalies and satellite-derived gravity) several
authors addressed new questions about the timing, variability,
seismic expression and origin of atypical magmatic events affecting
the NB and contiguous COT (Breivik et al., 2006; Greenhalgh and
Kusznir, 2007; Mjelde et al., 2009; White et al., 2008).

The spreading and geodynamic development of the NB and
NorwegianeGreenland Sea has also been associated with margin-
wide tectonic and stratigraphic expression within the strati-
graphic record of the NE Atlantic rifted margins (Praeg et al., 2005;
Stoker et al., 2005, 2012) (Fig. 2). In addition, some papers have
proposed unclear relationships between the plate reorganisations
in the vicinity of the NB and the compressive stress and dome
formation observed on the adjacent margins (Doré et al., 2008;
Johnson et al., 2005; Tuitt et al., 2010; Ziska et al., 2008) (Fig. 2).

The spreading history of the NB is important for understanding
the rift-drift evolution at local and regional scales, but the sparse
distribution and the poor quality of existing geophysical data inmost
of the NBwas a serious impediment for a proper interpretation of its
structure and timing. Prior to our new study in the NB, only the
central part of the sub-basin (i.e. Aegir Ridge) and the eastern part of
Please cite this article in press as: Gernigon, L., et al., The Norway Basin
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the Jan Mayen Fracture Zone were properly covered by reliable and
modern magnetic surveys (Gernigon et al., 2009; Jung and Vogt,
1997). Poor coverage of magnetic data available before 2007 in
most of the NB and the NorwegianeGreenland Sea (e.g. Verhoef
et al., 1997) led to contrasting and controversial interpretations of
seafloor spreading geometries (e.g. Scott et al., 2005). Poor magnetic
profile levelling and navigation errors have also led to misinterpre-
tation of fracture zones (see for example how new data and
improved processing techniques proved some of previous inter-
pretation in the Greenland Sea as artifacts (Olesen et al., 2007)).

This paper is revisiting the structure and evolution of the
NorwegianeGreenland Sea in the light of a new high resolution
aeromagnetic survey (NB-07) acquired in the NB by the Geological
Survey of Norway (NGU) during the summer of 2007 (Fig. 1). Based
on this recent dataset, we present a new regional interpretation,
and suggest a new tectonic evolution scenario of the NB and the
NorwegianeGreenland Sea. Beyond the regional importance of this
study, this paper documents and discusses important spreading
and tectonic aspects associated with the tectonics of micro-
continent formation in general and the JMMC in particular. The new
spreading configuration revealed by the NB-07 aeromagnetic
survey also confirms that local plate reorganisation during seafloor
spreading can likely influence the post-breakup tectonostrati-
graphic evolution of the surrounding “passive” margins.

2. Geodynamic framework and previous interpretation

TheNB ismorphologically locatedbetween the slopeof theFaroe-
IcelandRidge and theEast JanMayen Fracture Zone and it is bordered
to the east by the Møre margin and to the west by the JMMC
(Skogseid and Eldholm, 1988; Talwani and Eldholm, 1977) (Fig. 1).
The first phase of the NB development resulted in the formation of
volcanic traps observed at the outer parts of themid-Norwegian and
Faroe margins and conjugate systems (e.g. East Greenland margin
and the intermediate JMMC). Seafloor spreading in theNBduring the
Early Eocene breakup marked the progressive decrease of the
revisited: From continental breakup to spreading ridge extinction,
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Figure 2. Updated tectonic and chronostratigraphic chart of the NorwegianeGreenland Sea correlated with the main Cenozoic stratigraphic and magmato-tectonic events discussed in the paper. Tectono-magmatic events on the
NorwegianeGreenland Sea modified after Gernigon et al. (2009). Main compressive and tectonic phases after Doré et al. (2008) and Tuitt et al. (2010). Cenozoic stratigraphy and nomenclature after Stoker et al. (2005); Larsen et al.
(2005) and Eidvin et al. (2007). Magmatic rocks ages after Storey et al. (2007) and Tegner et al. (2008). Onset of British Isles exhumation episodes after Holford et al. (2009). Age and magnetic chrons discussed in the paper refer to the
geomagnetic polarity time scale of Cande and Kent (1995).
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significant magmatic activities associated with the development of
the North Atlantic Igneous Province (Eldholm et al., 1989; Meyer
et al., 2007; Skogseid and Eldholm, 1988; Storey et al., 2007)
(Fig. 2). Significant magmatism mostly affected the southern and
eastern boundaries of the NB near the continenteocean-boundary
(COB). The magmatism is characterised by thick volcanic sequences
(so called Seaward Dipping Reflectors), magmatic intrusions and
lower crustal bodies with high Vp-waves velocities (partly) inter-
pretedasmagmaticunderplating (Gernigonet al., 2004;Mjelde et al.,
2009; Reynisson, 2010). The breakup volcanism is well documented
by reflection and refraction seismic data from the Møre Marginal
High up to the Faroe Platform (Berndt et al., 2001a; Breivik et al.,
2006; Mjelde et al., 2009; White et al., 2008). None of these
volcanic andmagmatic features havebeen investigatedbydrillingon
the outer Møre margin, but to the north the SDRs have been drilled
during the ODP Leg104 on the adjacent Vøring Marginal High
(Eldholm et al., 1989) (Fig. 1). Volcanic rock successions from the
drilling recovery suggest that the pulse of breakup magmatismwas
around 56.5e55Ma ago (equivalent ofmagnetic chrons C25neC24r)
(Cande and Kent, 1995; Eldholm et al., 1989) (Fig. 2). South of the
Møre margin, up to three km of Early Tertiary flood basalts are
exposed and outcrop on the Faroe Platform (Figs. 1 and 2). This
sequence is divided into threemain basaltic formations that outcrop
onshore and extend offshore above MesozoicePaleocene rifted
basins (Ellis et al., 2002; Passey and Bell, 2007; Passey and Jolley,
2009; Rasmussen and Noe-Nygaard, 1970). With the onshore
Lopra-1/1A well, however, the overall documented basalt thickness
is ca. 6.5 km(including ca.1.1 kmof sub-aquaticallyemplaced,mainly
volcaniclastic material) and the base of the basalts was not reached
(Chalmers and Waagstein, 2006). Magmatism continued after
breakup west of the Faroe Platform, as suggested by the thick Faroe-
Iceland Ridge (Fig.1), which is often interpreted to be the track of the
Iceland hot-spot (Smallwood et al., 1999).

After continental breakup, seafloor spreading developed almost
simultaneously along the Mohn’s and Aegir Ridges, offset by the Jan
Mayen Fracture Zone (Figs.1 and2) that acted as a complex and active
oceanic transform zone between the two spreading ridges until the
abortion of the Aegir Ridge (Skogseid and Eldholm, 1987). The first
symmetric spreading anomalies in the NBwere interpreted based on
vintage magnetic data acquired in the NorwegianeGreenland Sea
(Vogt et al., 1970) ground-truthing previous interpretations by
Johnson and Heezen (1967). Later, Talwani and Eldholm (1977) and
Nunns (1983) identifiedmagnetic anomalies C23n to possibly C7n in
the NB (51.7e50.7 Ma to 25.6e24.7 Ma), following the time scale
of Cande and Kent’s (1995). Vogt (1986) later proposed a slightly
different interpretation, ranging from anomaly C24B (53.3e52.9Ma)
to C20n (43.7e42.5 Ma) misidentified by Talwani and Eldholm
(1977). Using a new dataset (NRL-90 survey), Jung and Vogt (1997)
finally identified a set of magnetic chrons between C21
(47.9e46.2 Ma) and C13 (33.5e33.0 Ma), but concluded that
magnetic anomalies between C12 (30.9e30.4 Ma) and C7
(24.78e24.73 Ma) could not be resolved due to the ultra-slow
spreading development of the Aegir Ridge during its terminal phase.

Most of the previous interpretations of the NB have suggested
that variable spreading rates occurred along theAegir Ridge, leading
to a fan-shaped distribution of the magnetic anomalies which may
have required a rotation pole located in its southern part. According
toTalwani andEldholm (1977), Unternehr (1982),Nunns (1983), and
Vogt (1986), part of the JMMCmust have rotated counter-clockwise
to accommodate the fan-shaped development of the NB. This
kinematic model suggests a compensating rifting and/or spreading
episode(s) betweenEastGreenland and southAegir Ridge.However,
a closer look on the early publications shows that there is no general
consensus about the precise timing and initial development of the
fan-shaped spreading in the NB. For example, Talwani and Eldholm
Please cite this article in press as: Gernigon, L., et al., The Norway Basin
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(1977) inferred that the fan-shaped development of the NB could
have initiated between C20 and C7 while Unternehr (1982)
proposed that it rather formed between anomalies C13 and C5D
(17.6e17.2Ma) during the rotation of the JMMC. Vogt (1986) argued
that an additional oceanic spreading system is required to
compensate the fan-shaped spreading. He proposed that it could
have been developed by the northward propagating spreading
along the growing Kolbeinsey Ridge more precisely between
anomalies C18 (40.13e38.4 Ma) and C6b (23e22.5 Ma), the first
unambiguous spreading anomaly identified between East Green-
land and the JMMC.Nunns (1983) suggested that anomaly C20 could
have marked the onset of the JMMC dislocation to the west, but
Müller et al. (2001) concluded that chron C13 (33.5e33 Ma) is
a better candidate. In amore recent interpretation, Lundin and Doré
(2002) also adopted a similar model and suggested that the same
rift/drift compensation from Oligocene spreading occurred around
C13n. Despite timing uncertainties and some ambiguities about the
interpretation/identification ofmagnetic anomalies, the fan-shaped
conceptwas nevertheless generally adopted bymost of the previous
authors, until an alternative hypothesis published by Scott et al.
(2005) proposed a segmentation model of the spreading system.
In thismodel, the structure of theNB is interpreted to be the result of
a competition between the propagating tip of the Kolbeinsey Ridge
and the retreating tip of the Aegir Ridge associated by orthogonal
spreading corridors displaced by several post C18 (41.1e38.4 Ma)
oceanic transforms and shear zones.

The Oligocene time, which corresponds to the C13n period
(33.5e33.0 Ma) is often considered as a major event in the North
Atlantic, when an arm of the triple junction between North America,
Greenland and Eurasia was abandoned (Srivastava and Tapscott,
1986; Gaina et al., 2002). During this reorganisation, a change in
the opening direction between Eurasia and North America/Green-
land from NNWeSSE to NWeSE led to the initiation of the West Jan
Mayen Fracture Zone (Mosar et al., 2002; Talwani and Eldholm,1977).
Despite uncertainty regarding the real extent and age of theWest Jan
Mayen Fracture Zone initiation, which could be older than C13n (see
Gernigon et al., 2009), the post-C13 period effectively coincided with
a period of westwards migration of the Aegir Ridge spreading centre
towards the proto-Kolbeinsey Ridge (Gaina et al., 2009) (Fig. 1). The
C13 period has often been considered as the principal tectonic event
that affected the NB, although it has been recently suggested based
on a detailed study of the Treitel Ridge (west of the southern Aegir
Ridge) (Fig. 1) that C18n time (40.13e38.4 Ma) could represent
a better timing for the onset of plate reorganisation (Vogt and Jung,
2009) coinciding with a controversial seafloor spreading slowdown
in the Labrador Sea (Roest and Srivastava, 1989) (Fig. 2).

The progressive ending of slow to ultra-slow spreading along
the Aegir Ridge took place betweenmagnetic chron C13n and chron
C6B, which is not clearly identified in the NB due to ultra-slow
spreading (Jung and Vogt, 1997; Vogt et al., 1970). Tentatively,
Talwani and Eldholm (1977) placed the extinction time between
chrons C8 and C7 (26.5e24.7 Ma). Subsequently, the complete
opening of a new spreading axis along the Kolbeinsey Ridge
resulted from the progressive dislocation of the JMMC from
Greenland (Gaina et al., 2009; Skogseid and Eldholm, 1987). Since
this second phase of breakup around C6B, the ridge, which is still
presently active, led to oceanic accretion of the Iceland Plateau
between the JMMC and the East Greenland margin (Figs. 1 and 2).

3. Data

3.1. The new high resolution aeromagnetic survey NB-07

In 2003, the Continental Shelf Geophysics Team at the Geolog-
ical Survey of Norway (NGU) initiated the aeromagnetic remapping
revisited: From continental breakup to spreading ridge extinction,
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project of the NorwegianeGreenland Sea and carried out the first
modern and high resolution aeromagnetic acquisition (RAS-03
survey) west of Lofoten (Olesen et al., 2007) and continued in 2005
with the JAS-05 survey along the Jan Mayen Fracture Zone trend
(Gernigon et al., 2009) (Fig. 3). In 2007, NGU conducted a similar
high resolution aeromagnetic regional survey on the NB (the so
called NB-07 survey) and acquired almost 39.900 km of extra
magnetic profiles that fully covered the eastern NB region (e.g.
Gernigon et al., 2008) (Figs. 3 and 4).

The new aeromagnetic NB-07 survey, presented in this paper,
was conducted from May to September 2007, using a twin-engine
Piper Chieftain, in order to obtain a better aeromagnetic coverage
of the eastern NB. High-sensitivity measurements were recorded
using a modern Scintrex Cesium Vapour magnetometer with
a noise envelope of�0.1 nT. The elevation of the sensor, mounted in
a towed bird, was c. 230 m. The survey covered a total area of c.
120.000 km2 for a total profile distance of 39.900 km. In order to
accurately level the data, we used a perpendicular line/tie-line
configuration with regular spacing (Fig. 4). The lines (NWeSE)
and tie-lines (NEeSW) spacing of the new magnetic profiles were
5 and 20 km, respectively, and provided sufficient resolution for
a detailed and accurate qualitative and quantitative analysis of the
magnetic anomalies.

After noise removal, head and lag corrections, the NB-07 profiles
have been processed using a standard statistical levelling method,
which involved fitting a polynomial to the intersection errors by the
method of least squares (Luyendyk, 1997; Mauring et al., 2002). To
correct the line-level errors and other data inconsistencies between
adjacent flight lines, we used a first order (linear) trend removal for
the levelling of the NEeSW tie profiles. The linearly trended tie
profiles were subsequently used for full statistical levelling of the
Figure 3. Previous magnetic profile compilation around the Norway Basin (NB) and
outline of the new aeromagnetic survey NB-07. Note the lack of data before the new
aeromagnetic survey between the outer Møre margin and previous NRL-90 magnetic
previously conducted along the Aegir Ridge (Jung and Vogt, 1997). Details of the other
surveys compiled in the study area are further documented in Gernigon et al. (2009)
and Olesen et al. (2010). Abbreviations as in Figure 1.
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survey lines only after smoothing of the polynomial fitted mis-
lines, using a spline algorithm, in order to avoid redundant
distortion of the anomalies. The International Geomagnetic Refer-
ence Field (IGRF version 2005) was subsequently subtracted from
the levelled survey lines to produce the grid of the total magnetic
intensity field (TMI) using the minimum curvature technique with
a grid cell spacing of 1 � 1 km. Finally, the NB-07 dataset was
merged with pre-existing NGU magnetic data compilation and
a systematic adjustment was applied using theminimum curvature
suturing function of the Gridknit software (Geosoft, 2005). Tech-
nical descriptions of the vintage profiles, specifications and inter-
pretations of the previous NGU magnetic compilations are further
described in Gernigon et al. (2009) and Olesen et al. (2010).

3.2. Gravity and bathymetry data

The gravity data used to complement themagnetic data are from
the regional NGU compilation by Olesen et al. (2010). Offshore, this
compilation is based on measurements of c. 59.000 km of various
shipboard gravity measurements provided by the Norwegian
Petroleum Directorate, petroleum companies, and the Norwegian
Mapping Authority. The dataweremergedwith previous Geosat and
ERS-1 satellite compilations available in the deep-water areas of the
NorwegianeGreenland Sea (Andersen et al., 2008). The surveys have
been levelled using the International Standardization Net 1971
(IGSN 71) and the Gravity Formula 1980 for normal gravity (Olesen
et al., 2010). The combined dataset has been interpolated to square
cells of 2 km size using the minimum curvature method.

Bathymetric data used for the deep-water part of the region
(Fig. 1) are mostly based on the satellite altimetry data of Sandwell
and Smith (1997). However, near the Jan Mayen Fracture Zone area
and along specific area of the NB, the bathymetry grid has been
merged with the multi-beam echo-sounding bathymetric data
acquired between 1999 and 2001 by Gardline Survey contracted by
the Norwegian Petroleum Directorate. A recent multi-beam dataset
acquired on the JMMC (provided by the Icelandic Marine Research
Institute) has also been merged with the pre-existing dataset. The
bathymetric grid presented and used in this paper has a resolution
of 1 km � 1 km.

The bathymetric and gravity grids have been used to calculate
a gravity approximation of theMoho interface. The method that will
be further discussed in a companion paper is based on a modified
ParkereOldenburg iterative method commonly used for gravity
inversion (Parker, 1973; Oldenburg, 1974). Calculations have been
performed in the wave number domain using the GMSYS-3D soft-
ware of Geosoft (Popowski et al., 2006). The routine considered and
removed the gravity contribution of the water and sediments
calculated frombathymetry and top basement grids before inversion
of the Moho itself. The regional top basement grid is based on
a modified and updated version of the sediment thickness map of
Laske and Masters (1997) for the oceanic domain. For the
surroundingmargins andnearby oceanic domains, the top basement
compilation rely on reflection seismics and refraction profiles pub-
lished in the mid-Norwegian margin and conjugates (Breivik et al.,
2006, 2008; Mjelde et al., 1997, 2009, 2007; Raum et al., 2002;
Voss et al., 2009; including cited references). The free parameters of
the inversionare thedatum level of theMoho interface, locally tied to
the 8 km/s isovelocity values available from refraction profiles. The
routine allowed the lateral variation of reasonable density contrasts
in the upper mantle (3.25e3.3 kg .m�3) to take into account and
remove (without apriority) lateral density contrasts due equally to
lateral temperature variation and/or expectedmantle depletion. The
inversion algorithm has then been used to adjust the long wave-
lengths (>100 km) with a fluctuating Moho/lower crustal surface
until the observed andcomputed responsesmatchwithinacceptable
revisited: From continental breakup to spreading ridge extinction,
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Figure 4. New stacked magnetic profiles (raw data) acquired in the Norway Basin. a) NWeSE trending profiles and b) NEeSW-trending tie-lines.
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limits both the seismic constraints (>8 km/s isovelocity values) and
the observed gravity field.

3.3. Seismic data

Recent reflection seismic profiles made available by the
Norwegian Petroleum Directorate and the Faroes Earth and Energy
Directorate were jointly interpreted with gravity and magnetic
data. We interpreted and depth-converted the sedimentary section
using a simple linear Vp velocity versus depth function (and its
reciprocal function) extrapolated from sea bottom to the top
oceanic basement interpreted from the seismic time sections
(Fig. 5). The simple velocitymodel (Vp¼ 1.90þ 0.43� depth) refers
to the regional velocity compilation presented by Myhre and
Eldholm (1980).

4. Interpretation: structure and spreading configuration of
the NB4

4.1. Magnetic data modelling

For magnetic data interpretation, we did not consider any
reduction to the pole for a better correlationwith previous regional
interpretations. Conventional filtering and particularly the TDX
filtering technique (Cooper and Cowan, 2006), the magnetic tilt
derivative and its horizontal gradient (Miller and Singh, 1994) were
used to better detect and enhance the magnetic body edges and to
map subtle anomalies (Figs. 6e8). Combined and merged with the
original grid, the filtered grids have been used to highlight the
maxima, minima and inflection points on each anomalies that were
also manually identified and cross-validated along the levelled line
profiles (Fig. 8). The magnetic chrons have been interpreted
according to the chronostratigraphic time scale of Cande and Kent
(1995) (Fig. 2) and correlated with synthetic profiles calculated
using the forward modelling method of Mendel et al. (2005) and
assuming a constant spreading direction (Fig. 7). Subsequently,
local spreading rates have been refined, and inferred for profiles
calculated perpendicular to the flows lines and guided by anomaly
Please cite this article in press as: Gernigon, L., et al., The Norway Basin
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edges highlighted by the TDX filter. We also considered the
previous interpretations of the Aegir Ridge NRL-90 (Jung and Vogt,
1997) and JAS-05 surveys (Gernigon et al., 2009) to reassess the
magnetic chrons (Fig. 8).

4.2. The continenteocean transition (COT) and the
continenteocean “Boundary”(COB)

The NB-07 survey covers a large part of the COT observed
between the Jan Mayen Fracture Zone and the Faroe Platform
(Figs. 6 and 8). In term of quantitative uncertainty, the extent of the
COT in the Møre margin may vary from a minimum of 20 km to
a maximum of 150 km depending of the controversial nature of the
crust (continental or transitional) which is still debatable in the
outer Møre margin. On the distal edge of the COT, the continental-
oceanic “boundary” (COB) is usually defined between the outboard
edge of highly attenuated, unequivocal continental crust and the
inboard edge of unequivocal oceanic crust. Mapping a “COB” is
often ambiguous because the definition of the COB itself is rather
contentious due to difficulties to define a clear and sharp boundary
especially on margin segments strongly affected by significant
breakup-related magmatism. In this context, the COT could be
within a basaltic layer that covers thinned and progressively
intruded continental/transitional crust. It could also represent an
alternation of micro-continental fragments interbedded with
embryonic oceanic crust, and overlaid by volcanic traps, as
proposed, for example, in the Afar region (Courtillot et al., 1980). For
simplicity, in plate reconstruction, it is, nevertheless, useful and
necessary to define a line that approximates a boundary between
the two systems. In the NB, our ultimate and approximate COB has
been interpreted slightly continentwards of C24b (53.3e52.9 Ma)
when the inflection point with C24r can be observed. That level
possibly marks the limit between true oceanic domain, charac-
terised by clear linear and continuous magnetic chrons, and the
more ambiguous transitional/continental domain (Figs. 7, 8 and 10).

Magnetic chron C24b is now well recognised in the northern
part of the studied area (Figs. 6, 8, 9a, and 9b). It usually marks the
outer edge of the SDRs seismic package, as observed on seismic
revisited: From continental breakup to spreading ridge extinction,
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Figure 5. Selected seismic line-drawings of the Norway Basin combined with magnetic profiles extracted from the new magnetic grid. “P” indicates the presence of volcanic plugs
observed on seismic reflection lines.
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data from the Vøring Transform Margin up to the Faroe Platform
(Berndt et al., 2001b) (Figs. 5 and 8). East and south of the C24b, the
magnetic pattern locally fits with the limit between the inner SDRs
(characterised by higher magnetic amplitude) and the Landward
Flows (characterised by lower magnetic amplitude), well defined in
the northwestern part of the Faroe Platform (Fig. 8). However, in
most of the volcanic COT, themagnetic pattern is chaotic with small
magnetic clusters (10e20 km wide), arranged in alternating posi-
tive or negative patterns (Fig. 9a). They represent local intrusions,
volcanic plugs and/or mounds, locally observed on the few seismic
profiles available in the NB (Fig. 5). Some of the magnetic clusters
coincide with the Outer High seismic features of Berndt et al.
(2001a), interpreted as mounds of hyaloclastic material emplaced
near the sea level. Larger seamounts have also been observed in the
distal part of the SDRs sequences before C24b (Fig. 5). Compared to
the Vøring Marginal High, we point out that the SDRs are located
slightly continentwards of the C24b in the northern margin
segment, where similar SDRs are interpreted between chrons C24a
and C24b (52.9e52.6 Ma).

To the southwest, the NB-07 survey documents a complex tran-
sition between the Møre margin and a different magnetic domain
that developed north of the Faroe Platform (Figs. 8 and 9c). This
domain coincides with a swing of the SDRs towards the Faroe-
Iceland Ridge. The magnetic anomalies associated with the seismic
SDRs become more prominent towards the northern slope of the
Faroe Platform (Fig. 6). The newmagnetic data suggests that the COT
in the northern part of the Faroe Platform is highly segmented with
structures orientated obliquely to the main plate divergence vector
(Fig. 9c). Contrary to the central Møre margin segment (Fig. 9a),
where absolute plate divergence appears to be normal to the “ulti-
mate” COB proposed, the tectonic conditions seem to be different
north of the Faroe Platform. Rhomboidal to sigmoidal magnetic
patterns are observed and highlight new NWeSE magnetic features
interpreted as transtensional fault zones formed obliquely to the C24
anomaly. A pure shear rift extensional model for this area is ques-
tionable and observed rhombic magnetic features could represent
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intrusions or tilted lava piles emplaced along early NWeSE trans-
tensional features and fracture zones. At this obliquely divergent
volcanic margin, the record of the breakup process and associated
magmatismwasmost likely complicated by a non-coaxial extension
and the COT could be characterised by a complex assemblage of dip-
slip, strike-slip or oblique-slip faults accommodating a regional
transtension. Along some of the NWeSE trending magnetic linea-
ments, a circular magnetic pattern has also been highlighted by the
tilt derivative and/or horizontal gradient of the total magnetic field
(Fig. 9c). Such circular magnetic features could indicate local emis-
sive centres and plutons feeding the prominent tilted lava flows
observed in the northern part of the Faroe Platform (Fig. 8). The
iSIMM (integrated Seismic Imaging & Modelling of Margins) profile
(White et al., 2008) which was acquired slightly obliquely (w30�) to
the trend of one of the main NWeSE fracture zones, clearly imaged
SDRs. The refraction profile also imaged lower crustal intrusions
coincident with a high velocity body (Vp >7.0 km/s) in the 70 km
wide zone where a high-amplitude magnetic signature is observed.

4.3. Oceanic Phase I: Early Eocene oceanic crust domain from C24
to C21r (51.7e49 Ma)

We identified a distinct oceanic crustal domain situated
between C24 and C22n (53.3e49 Ma-Early Eocene) that seems to
characterise the first seafloor spreading phase (Phase I of the NB
development) (Figs. 2, 8 and 10). Compared to the COT domain, the
magnetic anomalies are well defined and chrons C24a
(52.6e52.3 Ma) to C22n (49.7e49Ma) are easily interpreted, except
the complex and locally chaotic magnetic pattern observed to the
east of C24b (53.3e52.9 Ma). Anomalies C24a (52.6e52.3 Ma) and
C24b (53.3e52.9 Ma) are well developed in the north-eastern and
central parts of the NB, where they form a clear pair, especially
south of the East Jan Mayen Fracture Zone (Fig. 9b). To the south,
C24b and C24a seem to merge towards the Faroe Platform at the
outer edge of the SDRs (Fig. 8). We have estimated a decrease in
half-spreading rates between C24a and C24b from the central part
revisited: From continental breakup to spreading ridge extinction,
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Figure 6. a) New magnetic total field grid of the NB and b) free air gravity. The figure also shows the location of the refraction profile 1-00 from the OBS-2000 experiment of Breivik
et al. (2006) and the iSMM profile of White et al. (2008).
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of the NB towards both the northeast and southwest (39 � 2 to
16� 2mm/year) (Fig. 10). North of the Faroe Platform, we could not
separate C24a from C24b and therefore cannot estimate precisely
the early spreading rates between these two chrons.

North of the Faroe Platform, Mosar et al. (2002), based on the
original magnetic anomaly interpretation of Skogseid (1989) and
Skogseid et al. (2000) have proposed the existence of (older?)
magnetic anomalies landwards of the C24b and C24a. In this
area, the magnetic signature is mostly dominated and explained
by the landward and tilted inner SDRs signature and associated
sheeted-dyke swarm and therefore we cannot corroborate the
existence of real oceanic chrons in the new survey (Fig. 8).
The recent ION-GXT profile across the northern Faroe margin
(Davison et al., 2010; Dinkelman and Keane, 2010) shows
a drastic shallowing of the Moho depth from 30 km underneath
the SDRs to 15 km west of our C24b. Taking also into consider-
ation the presence of a volcanic basin proposed by Dinkelman
and Keane (2010) underneath most of the Landwards Flows
and Inner SDRs, our magnetic interpretation of a narrow COT and
a COB located 50 km to the west, at the outer edge of the inner
SDRs remains realistic.

Westwards, in the true oceanic domain, anomalies C23 locally
split into sub-chrons C23n2n (51.7e51 Ma) and C23n1n
(50.9e50.7 Ma) which are more or less observable along the entire
surveyed region (Fig. 8). Between C24a and C23, the calculated half-
spreading rates decrease from 24� 2 to 9� 2mm/year showing the
same pattern of decrease from the central part towards the
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northeast and southwest part of the NB. Medium half-spreading
rates also decrease in a similar lateral way from C23 to C22
(23 � 2 to 11 � 2 mm/year) (Fig. 10).

In the central and eastern part of the survey, both normal and
reverse magnetic stripes around C23n are surprisingly disrupted by
localised circular to elongated anomalies of opposite polarities
(arrows on Fig. 9a). They particularly concentrate between chrons
C23r (52.2e51.7 Ma) and C22n (49.7e49 Ma) and also affect
C23n1n (50.9e50.7 Ma) and C23n2n (51.7e51.0 Ma) (Figs. 6, 8 and
9a). They have been interpreted as off-axis seamounts and/or
aborted isolated spreading cells or possible fissure swarms sug-
gesting local instabilities and possible but discrete ridge jumps in
the Early Eocene (Ypresian).

In the southwestern part of the NB, the connection with the
high-magnetic trends observed along the Faroe-Iceland Ridge
remains uncertain. Although there are broad NEeSW lineations,
correlated with average magnetization polarity, proper identifica-
tion of the magnetic chrons, especially west of the Faroe Platform is
still difficult, due to the late volcanic and intrusive activities related
to the formation of Iceland (Fig. 8). We also expect combined and
complicated magnetic disparities simply associated with lateral
variations of depth to basement and possible discrete ridge jumps
(Mittelstaedt et al., 2008; Smallwood andWhite, 2002). In this case,
the sparse magnetic data southwest of the new NB-07 survey
(Fig. 3) preclude any detailed and confident interpretation of the
magnetic patterns along the Faroe-Iceland Ridge at the present
stage.
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Figure 7. Identification of the magnetic chrons deduced and correlated with synthetic profiles along the Norway Basin (Location on Fig. 6). For the three profiles, we considered
a depth of the source layer at 3 km and a thickness of 2 km for the magnetic layers. The magnetisations of the blocks vary between 2.5 and 3 A/m and the contamination coefficient
was set to 0.85 for all synthetic profiles (see Mendel et al., 2005).

Figure 8. Interpretation map of the new magnetic survey. Circle symbols represent anomaly picks identified on the line profiles at the main inflection edges of each identifiable
magnetic chron.
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Figure 9. Details of the main magnetic features revealed by the NB-07 survey. The maps represent the combination of the tilt derivative grid of the magnetic total field blend with
the original magnetic grid (transparency ¼ 50%). a) Examples of circular features with opposite polarities compared to their surroundings (indicated by the black arrows). They are
interpreted as off-axis volcanic mounds or aborted rift features. b) Detail of the Norway Basin Fracture Zone, located south of the Jan Mayen transform margin. The Norway Basin
Fracture Zone defines a characteristic wavy magnetic pattern pointing in the direction of two propagator features. Between the propagating and the failing rift, the lithosphere is
progressively transferred from one plate to another, giving rise to a shear zone with a quite distinctive magnetic fabric. c) Detail of the northern Faroe volcanic “shear margin”. d)
Significant Early-mid-Eocene kinematic reorganisation of the Norway Basin between C22n and C21 (49.7e46.2 Ma). The spreading direction changes from NNWeSSE at C24eC22 to
almost NS after C21r. Chrons C21n are locally divided by propagation of the growing C20r (black arrows).
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4.4. Oceanic Phase II: Mid-Eocene to Late Oligocene oceanic crust
from C21r to C10 (47.9e28.2 Ma)

The Oceanic crust formed between C21r to C10 (47.9e28.2 Ma e
Mid-Eocene to Late Oligocene) has been identified and defined as
a separate seafloor spreading sequence (Phase II of the NB devel-
opment proposed in the present study) (Fig. 8). Broad magnetic
anomaly highs defined at C21n (47.9e46.2 Ma) and C20n
(43.7e42.5 Ma) and adjacent lows (C22r, C21r and C20r) are
decreasing in width towards the southern part of NB. Chrons C18
(40.1e38.4 Ma), C17 (38.1e36.6 Ma) and C13n (33.5e33 Ma) have
been identified in the southern part of the Aegir Ridge. The
magnetic pattern suggests significant dislocation of the oceanic
crust, and some anomalies have been tentatively interpreted as
C18, 17 and C13n and locally C12eC11 (30.9e29.4 Ma) in the
northwestern part of the survey area (Fig. 8). From C22n/C21n, the
entire Aegir Ridge adjusted from slow to ultra-slow spreading rates
(estimated at 16 � 2 to 8 � 2 mm/year, increasing from north to
south in most of the NB) (Fig. 10).

One of the striking phenomena identified in the new gridded
data is a distinct and clear spreading direction reorganisation that
initiated between C22n (49.7e49.0 Ma) and C21n (47.9e46.2 Ma)
from North 340� to North 8� (See details Fig. 9d). This is illus-
trated by a change in orientation of C21n relative to C22n with
10e30� in the central and northern part of the survey. Due to this
local spreading readjustment, chrons C21n are locally split in
response of the north-westward propagation of the growing C20r
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anomalies (Fig. 9d). During this period, the crudely northward-
widening fan-shaped magnetic anomaly pattern initiated and
subsequently developed in the NB (Fig. 10).

4.5. Influence of the Iceland “anomaly” and segmentation in the NB

4.5.1. Faroe-Iceland Ridge
The north-eastern and southwestern physiographic borders of

the NB (the East Jan Mayen Fracture Zone and the Faroe-Iceland
Ridge) represent major first order discontinuities of the
NorwegianeGreenland Sea (Fig. 1). The Faroe-Iceland Ridge
represents an anomalous thick crust (>20e25 km) possibly asso-
ciated with crustal underplating, which is generally attributed to
increased magmatism caused by the Icelandic “hot-spot”
(Smallwood et al., 1999).

The origin and nature of the Icelandic “hot-spot” continues to be
controversial (Foulger, 2010; Meyer et al., 2007; Montelli et al.,
2004; Vogt and Jung, 2009), but this “anomaly” seems to have
had a restricted effect mostly on the Faroe-Iceland Ridge. Inversion
of satellite altimetry-based gravity and topography (Greenhalgh
and Kusznir, 2007) and a recent OBS (Ocean Bottom Seismom-
eter) profile from the Møre margin to the Aegir Ridge (Breivik et al.,
2006) suggested relatively normal to thin oceanic crust which is
younger than C22 e this indicates normal to less than normal melt
production for that period (Greenhalgh and Kusznir, 2007; Vogt
and Jung, 2009). To explain the decrease of melt production and
the plume paradox, Breivik et al. (2006) have suggested that
revisited: From continental breakup to spreading ridge extinction,
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Figure 10. Bathymetry, gravity and magnetic transect across the continenteocean transition and the early spreading system of the Norway Basin. Interpretation of the magnetic
chrons and the spreading rates in mm/year are indicated on either side of the C22 anomaly that marks the transition between Phase I and Phase II discussed in the text. Half-
spreading rates (in mm/year) are indicated between each magnetic chron.
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partially molten mantle from the lowest part of the melt column
could have been produced underneath the paleo-Aegir Ridge but
might have been “captured” by the asthenospheric flow from Ice-
land, before surfacing later (in Miocene?) to form the Vøring Spur,
an atypical thick oceanic crust observed along the Jan Mayen
Fracture Zone (Fig. 1). This hypothesis, the timing issue and the
need for such a complex scenario have, however, been questioned
by Gernigon et al. (2009) who rather propose a Mid-Eocene age
(Fig. 2) and a leaky transform model for the onset of crustal mag-
matism observed on the Vøring Spur.

4.5.2. Faroe-Iceland Fracture Zone
Between the Faroe-Iceland Ridge and the East Jan Mayen

Fracture Zone, we have identified several discontinuities (Figs. 6
and 8). An important NWeSE magnetic lineament marks the
boundary between the NB and the Faroe-Iceland Ridge and
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coincides with the location of the “Faroe Fracture Zone” (cited in
the literature as “Faroe-Iceland Fracture Zone” or “Denmark Strait
Fracture Zone”), but never clearly documented (Boldreel and
Andersen, 1998; Kimbell et al., 2005). The “Faroe Fracture Zone”
discernible in the new NB survey prolongs the main offset
particularly observed along the volcanic shear margin segment,
north of the Faroe Platform (Fig. 9c). Oceanwards, this feature
represents a broad, negative and disturbed magnetic domain,
where shifts and displacements of most of the magnetic chrons
from C24 to C13 are observed. However, compared to the East Jan
Mayen Fracture Zone, the trace of the “Faroe Fracture Zone” is not
perfectly linear but exhibits wavy to disorganised patterns which
partly reflect the bathymetric transition between the shallow
Faroe-Iceland Ridge and the deeper NB. It is possible that this
“Faroe Fracture Zone” may represent a complex overlapping and
competing spreading system involving an unstable, but poorly
revisited: From continental breakup to spreading ridge extinction,
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constrained (truly oceanic?) domain, expected along the trend of
the Faroe-Iceland Ridge.

4.5.3. Norway Basin Fracture Zone
A large band of disturbed magnetic anomalies situated west of

the East Jan Mayen Fracture Zone coincides with the location of the
“Norway Basin Fracture Zone” introduced by Skogseid and Eldholm
(1988), but not properly identified due to the lack of dense data
(Fig. 3). The NB-07 survey proves the presence of a major magnetic
discontinuity here, but with a slightly different magnetic signature
compared to the linearmagnetic pattern, as observed along the East
and West Jan Mayen Fracture Zones (Fig. 6a). The “Norway Basin
Fracture Zone” defines a rather wavy to V-shape feature pointing in
the direction of competing propagating oceanic systems interpreted
in the present study (Figs. 6 and 9d). The broad Norway Basin
Fracture Zone, defined by low-amplitude and wavy magnetic
anomalies, is a composite feature that defines not only narrow areas
perpendicular to the spreading anomalies and which offset the
chrons, but also traces of propagating rift tips. The later is also
defined as a “pseudo-fault” (Heyet al.,1980). The transition between
a classical fracture zone type to a series of pseudo-faults became
more evident for chrons 22e20, illustrating the instability of the
systemwhile various propagating systems were trying to establish
a coherent plate boundary. Similar pseudo-faults are described in
the Mid-Atlantic Ridge (Kleinrock et al., 1997), Woodlark Basin
(Taylor et al., 2009) and in theGulf of Aden (d’Acremont et al., 2006).

4.5.4. The Central Fracture Zone
In the central part of the survey, several N90�eN130�-oriented

magnetic lineations represent minor offsets of the anomalies, but
no major fracture zones can be clearly defined before C22n
(49.7e49.0 Ma). After C21r, the oceanic domain is characterised by
larger offsets of themagnetic chrons. In the central part of the NB-07
survey, these offsets characterise new and distinct NNWeSSE to
NeSmagnetic trends which locally coincide with the lateral shifts of
themagnetic chrons C21n (47.9e46.2 Ma) and C20n (43.7e42.5 Ma)
by 10e50 km increasing from south to north; a trend also observed
in the spreading rate behaviour (Figs. 9d and 10). There, we have
identified and named (informally) the “Central Fracture Zone”,
which is represented by a remarkable faulted domain, also observed
on seismic data (Fig. 5). In the northernpart of the surveyed area, the
Central Fracture Zone interacts with the Norway Basin Fracture Zone
to produce a complex and chaotic magnetic patternwhich coincides
with significant dislocations of the oceanic basement, causing
difficulties to identify the magnetic chrons (Fig. 6a). The Central
Fracture Zone revealed by the new magnetic dataset coincides with
a similar trend observed in the free air gravity field (Fig. 6b) inter-
preted as V-shaped lineations by Breivik et al. (2006) and related to
a deeper lateral flow of the Iceland “plume”. At this stage, the data
simply suggests that the Central Fracture Zone is the result of
a lateral offset of the spreading anomalies.

5. Geodynamic and tectonic implications

5.1. Pre-breakup and breakup stages

In the light of the newmagnetic data we are able to characterize
here in detail a continenteocean transition zone that spans from
a transform faulted region to rifted and oblique shear margin
segments observed from the East Jan Mayen Fracture Zone to the
Faroe Platform.

The dense magnetic data reveal a detailed structure of the
oblique-sheared margin from the Faroe Platform to the mid-Møre
margin. The lozenge-shaped and sigmoidal magnetic pattern
probably represents intrusions or tilted lava pile emplaced along
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NWeSE transtensional features and fracture zones developed along
the volcanic margin.

Along the narrow volcanic COT observed from the Faroe Plat-
form to the Møre Marginal High (40e75 km), strong linear anom-
alies prior to C24r (55.9e53.3 Ma) may reflect the structure of
continental or transitional crust rift fabric infiltrated by magmatic
bodies (Fig. 10). The earlier spreading rate distribution suggests
faster spreading in the central part of the Møre Marginal High that
decreased towards the Vøring Transform Margin, defined near the
East Jan Mayen Fracture Zone and towards the volcanic shear
margin, observed north of the Faroe Platform. This may suggest that
the onset of breakup initiated in the central part of theMøremargin
before growing laterally and before the propagation of the proto-
spreading ridge. We believe that the pre-breakup configuration,
including the latest stage of the volcanic margin development,
most likely influenced the distribution of the main “offsets” that
have been observed and described in the NB oceanic domain.

A complete 3D/4D picture of the Møre and Faroes shear
margins is still not properly understood, but we already point out
that the Norway Basin Fracture Zone coincides with the segmen-
tation of both upper crust and lower continental crust imaged by
wide-angle seismic data on the outer Møre Basin (Mjelde et al.,
2009). The trace of this important fracture zone coincides con-
tinentwards with the northern limit of the high velocity lower
crustal body (>7 km/s) that does not extend into this region
defined here as the Jan Mayen corridor. According to Berndt et al.
(2001b), this narrow amagmatic corridor influenced by the
transform margin setting, shows a lack of SDRs (Figs. 8 and 10).
Maystrenko and Scheck-Wenderoth (2009) also suggest that this
Jan Mayen corridor could represent a transitional zone with
reduced mantle densities between the Møre and Vøring margin
segments (Figs. 1 and 10). Accordingly, we propose that the initial
segmentation and early magma distribution towards the COT have
influenced, to some extent and indirectly, the proto and late
segmentation of the NB. The initial distribution of underplated
bodies emplaced along the volcanic margin (controlled or not by
other inherited features) most likely influenced the localization of
the deformation and segmentation of the early spreading cells as
suggested for the Gulf of California (Lizarralde et al., 2007) and as
in the models of Yamasaki and Gernigon (2010).

5.2. Early spreading system and rift instabilities

The early seafloor spreading in the NB during Phase I (between
C24r and C22n) displays fast-spreading system characteristics, even
if the measured spreading rates are moderate (<50 mm/year)
(Fig. 10). A relatively smooth oceanic top basement observed on
seismic (Fig. 5) and the lack of major discontinuities could be
explained by enhanced melt production. This could explain thicker
than normal oceanic crust as suggested by recent seismic refraction
(OBS) studies (Breivik et al., 2006) (Fig. 11). The presence of off-axis
seamounts, characterised by the circular-shaped anomalies
between C24b (52.8e52.9 Ma) and C22n (49.7e49 Ma) (Fig. 9a)
could be correlated with this sustained period of active volcanism
up to Mid-Eocene. The alignments of off-axis intrusions with
reverse polarities in the early magnetic province may represent
some relicts of aborted rift axes formed during discrete spreading
reorganisation and rift jumps during the Mid. and Late Ypresian
geological periods (Figs. 8 and 10). A zone of instabilities observed
near C23eC22 also coincides with a local Moho (Vp > 8 km/s)
upwelling suggested by the OBS model of Breivik et al. (2006)
(Fig. 11). Numerical modelling shows that atypical magmatism
and warm oceanic lithosphere can trigger such ridge instabilities
(Mittelstaedt et al., 2008). Repeated ridge jumps, leading to addi-
tional accretion on the eastern side of the Aegir Ridge could partly
revisited: From continental breakup to spreading ridge extinction,
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Figure 11. Crustal section across the Norway Basin from the continent-ocean “boundary” (COB) to the extinct Aegir Ridge. The NPD multi-channel seismic line LOS99-02 has been
combined with the seismic Moho modelled by Breivik et al. (2006) along the profile 1-00 of the OBS-2000 survey. The section is compared with a magnetic profile extracted from
the NB-07 survey grid and a free air gravity profile (75 km high-pass filtered) extracted from the grid compilation of Olesen et al. (2010).
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explain the slight asymmetry of the NB suggested on either side of
the Aegir Ridgeflanks by Jung andVogt (1997). However, a complete
mapping of the conjugate spreading system (e.g. between JMMC
and Aegir Ridge) is required to validate this hypothesis.

The northern and central segments that developed on either
side of the Norway Basin Fracture Zone, could define a transition
zone between the two different propagating spreading segments. It
may be difficult for these segments to respond instantaneously to
various driving forces, and such propagators may represent
a progressive, though rapid, along-axis tearing of the lithosphere,
facilitating the transition to relatively amagmatic periods.
5.3. An important Mid-Eocene reorganisation

5.3.1. Crustal and spreading evolution
As suggested by previous studies, the post-C13 (or C18) Oligo-

cene reorganisation is marked by the plate boundary relocation
from the Aegir Ridge to the active Kolbeinsey Ridge (Fig. 2). So far,
this event was considered as the main reorganisation phase since
the breakup of the NB.

In the present study, we propose that an important Mid-Eocene
episode (the transition between Phase I and Phase II in our model)
also affected the NB between the first phase of breakup and the
final Oligocene reorganisation. The new NB-07 dataset shows that
C21r (between C22n and C21n) initiated the onset of an important
change in the NB around 49e47.9 Ma ago (Fig. 2). A sudden change
in spreading rate and direction is observed slightly after C22n
(49.7e49.0 Ma). It coincides with the initiation of a true fan-shaped
spreading development during Phase II as shown by Figure 10.
According to the new magnetic grid, the spreading rate also
decrease and most of the oceanic spreading after C21r, became
shifted and accommodated by major transform faults as observed
along the Central Fracture Zone (Fig. 8). From seismic observations,
we also see that fault vertical throws have a tendency to increase
progressively from C21r to the aborted Aegir Ridge as the spreading
rate decreases (Figs. 5 and 11). As recently discussed by Vogt and
Jung (2009), the extremely low spreading rates estimated after
C18n (40.1e38.4 Ma), may also favour the development of atypical
oceanic features, interpreted as “nascent megamullions”, denu-
dated along the Treitel Ridge at the southwestern flank of the Aegir
Ridge (Fig. 1).
Please cite this article in press as: Gernigon, L., et al., The Norway Basin
Marine and Petroleum Geology (2012), doi:10.1016/j.marpetgeo.2012.02.
5.3.2. Fan-shaped spreading initiation
We suggest that the onset of the fan-shaped evolution started

slightly later than C18eC13 or C24 as previously proposed by Nunns
(1983) and Vogt (1986). FromC24b to C22n (i.e. Phase I), arc-shaped
spreading development is mostly observed between the outer
Vøring Margin and the Faroe Platform between 53.3 and 49.0 Ma
(Figs. 8, 9d, 10, and 13). The shape of the early spreading system
reflects the volcanic margin COT geometry and we suggest that the
oceanic rift development was influenced by local stress redistri-
bution due to the presence of thicker and rigid surrounding
continental domains present in the north-eastern and south-
western flanks of the Eocene spreading system (e.g. the Faroe
continental block and the outer Vøring Basin).

After C21r (Phase II), the spreading system evolution was not
influenced anymore by the crustal architecture of the surrounding
margins. The transitional C21r (49.0e47.9 Ma) marks the onset of
authentic fan-development clearly associated with the change of
the spreading direction previously described (Figs. 9d, 10 and 13).
We conclude that the fan-shaped development of the NB spreading
system effectively started around C21r, and the new aeromagnetic
data do not support the orthogonal, multi-offset alternative
spreading scenario earlier suggested by Scott et al. (2005).

5.3.3. Correlation with other Mid-Eocene events e implications for
the post-breakup development of the surrounding passive margins

Important tectonic, magmatic and stratigraphic changes were
also recorded in the NorwegianeGreenland Sea and surrounding
sedimentary basins (Fig. 2). The period between Phase I and II
approximately coincides with the initiation of an atypical Eocene
magmatic event due to a triple junction scenario proposed on the
Vøring Spur area (see location Fig. 1) and linked with the Traill Ø
Igneous Complex off Greenland (Fig. 12) (Olesen et al., 2007;
Gernigon et al., 2009). C21r also coincides with a pulse of crustal
magmatism observed by Parkin et al. (2007) in the southern part of
NB between 48 and 45Ma. This magmatic pulse is similar in time to
the one suggested by Gernigon et al. (2009) along the Vøring Spur.
However, we notice that this increase of melt production is not
observed everywhere in the NB. The profile 1-00 of the OBS-2000
survey of Breivik et al. (2006) in the northern part of the NB
(Figs. 6 and 11) does not show any clear evidence of this Eocene
“magmatic pulse”. This suggests lateral heterogeneity of the
oceanic thickness in the NB, which may partly explain the
revisited: From continental breakup to spreading ridge extinction,
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Figure 12. Regional interpretation of the spreading system between the Jan Mayen microcontinent (JMMC) and the surrounding margins. Circles indicate the magnetic chron identifications (oldest edges only) interpreted on both sides
of the JMMC microcontinent. The background represents a combined and blended image including the tilt derivative of the free air gravity and associated gravity Moho interface. This picture highlights the crustal configuration of the
NorwegianeGreenland Sea. Outline of the volcanic provinces modified after Berndt et al. (2001a) and Coffin and Eldholm (1994). Abbreviations as in Figure 1.
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Figure 13. Kinematic evolution of the Norway Basin and Jan Mayen microcontinent illustrated by a series of key plate reconstruction models (modified and updated after Gaina
et al., 2009).
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difference in gravity values observed between the southern (low)
and northern part (high) of the NB-07 survey area (Fig. 6c).

We also note that this Mid-Eocene reorganisation in the NB
coincides with the onset of compression and dome formation on
the mid-Norwegian margin (Fig. 2). The timing of this early
compression phase has often been poorly understood andwas often
not in agreement with the previous knowledge of the
NorwegianeGreenland Sea evolution (e.g. Doré et al., 2008). The
Mid-Eocene event revealed in the NB (precisely Early Lutetian
assuming the time scale of Cande and Kent (1995) matches now the
poorly understood Lutetian compressional events described in the
RockalleFaroe area (Tuitt et al., 2010) and the early phase of dome
development recorded in the mid-Norwegian margin (Doré et al.,
2008). The Mid-Eocene reorganisation of the NB is also contempo-
raneous with the onset of an important fan system development in
the FaroeeShetland Basin (Portree, Caledonia and Strachan fans)
(Davies et al., 2004; Sørensen, 2003) (Fig. 2).OnshoreEastGreenland,
the transition C22/C21 fits with the end of a post-breakup volcanic
phase (50e47 Ma) in the Blosseville Coast area (Tegner et al., 1998)
followed by the sudden influx and deposition of preserved silici-
clastics partly sourced from the uplifted margin and nearby JMMC
(Larsen et al., 2005). More recently, Stoker et al. (2012) refined the
stratigraphy of the post-rift successions in the Rockall Plateau and
documented important stratigraphic changes during Early andMid-
Eocene, which coincide well with the phase of reorganisation
revealed in the NB. Even if the dynamic link and mechanisms
involved arenot yet understood, the series of concomitantmagmato-
tectonic and stratigraphic events recorded in the Early/Mid-Lutetian
may be contemporaneous of the Mid-Eocene spreading reorganisa-
tion highlighted by the new NB-07 survey (Fig. 2).

5.4. The Norway Basin spreading history and its implication for the
JMMC evolution

Most of the previous contributions recognised the importance of
the NB spreading evolution on the Cenozoic development of the
JMMC and reciprocally (Gaina et al., 2009; Nunns, 1983; Unternehr,
1982). The JMMC represents a complex system involving two sets of
conjugate margins (i.e. the East Greenland margin/JMMC and Møre
margin/JMMC) (Fig. 12). In terms of understanding the tectonic,
sedimentary and petroleum setting of the mid-Norwegian margin
and Faroe-Shetland/Rockall areas, only a few studies deal in detail
with the structure and stratigraphy of the JMMC, initially located
between the Faroe Platform and the Outer Vøring Basin. Previous
interpretations based on ocean-bottom seismographs (OBS) and
existing multi-channel reflection seismic surveys on the JMMC,
showed that the presumed continental basement of JMMC is
overlain by Palaeozoic to Cenozoic sediments (Kuvaas and Kodaira,
1997; Mjelde et al., 1997). The early history of the JMMC is tradi-
tionally associated with the first phase of continental breakup, and
its final isolationwas due to the most important tectonic event that
influenced the NorwegianeGreenland Sea in the Late Oligocene.
During Oligocene time, the spreading activity along the Aegir Ridge
progressively decreased until it became fully extinct. At the same
time, the spreading axis migrated westwards to initiate the Kol-
beinsey Ridge (Figs. 2 and 12). Here, the nature and timing of these
events, and the implications for the tectonostratigraphic evolution
of the sedimentary basin, have been correlated with a regional
kinematic model updated by means of the new aeromagnetic data
and chron interpretation (Fig. 2 and 13).

The nature of the southern part of the JMMC crust is particularly
unclear due to the lack of data, therefore either true oceanic crust or
highly extended continental crust (Mjelde et al., 2007) or a combi-
nation of both have been suggested so far (Gaina et al., 2009). Still
uncertain is the style and timing of extension in the JMMC region.
Please cite this article in press as: Gernigon, L., et al., The Norway Basin
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Continental extension on both sides of the JMMC was most likely
active before C24b (53.3e53.9 Ma) as part of the Norway-
Greenland rift system. However, the space problem of the micro-
continent outline as defined at C6b (23e22.5 Ma) and when
restored at C24b also suggest younger and significant extension
phase(s) during Cenozoic (e.g. Gaina et al., 2009). To explain this
geometric discrepancy, significant Cenozoic and post-C24 exten-
sion is required to account for the broader part of the southern
JMMC. Given the uncertainty in vintage magnetic anomaly identi-
fication in this ambiguous part of the microplate, continental rifting
in the southern part of Jan Mayen and/or spreading on the Kol-
beinsey Ridge could have begun at any stages from C24 to C6b.

Our new aeromagnetic observations are consistent with
a compensating/competing ridge system that developed between
the Aegir Ridge and Greenland (Nunns, 1983), but the new data
suggest that a time gap of almost 25 Ma existed between the onset
of the fan-development after C21r (49.0e47.9 Ma) on the eastern
side of the Aegir Ridge and the onset of a clear and complete
breakup between the JMMC and Greenland at C6b (23e22.5 Ma)
(Fig. 2). To explain this time gap, we favour a model where an
earlier compensating and growing deformation zone within the
continental and/or transitional domain is requested in the southern
JMMC between C21r and C6b to accommodate the north-eastern
fan-shape development of the NB (e.g. its Phase II) and the other
way around (Fig. 13).

Although from kinematic reconstructions and seafloor spreading
geometries a phase of extension is necessary in the southern part of
the JMMC at least from Mid-Eocene to Late Oligocene; the exact
crustal and lithospheric structure and the processes that led to
continental deformation and extension while spreading was active
nearby remain to be resolved by further studies.

Most of the observations (seismicity for example) suggest that
mature oceanic ridges; in a stable thermal environment (without
plume), tend to localize the deformation preventing further reloc-
alization of the main deformation zone few Myrs after the onset of
breakup (Cannat et al., 2009). Therefore, the development of an
adjacent concomitant continental rift zone eventually leading to
a microcontinent formation still remains questionable. One
possible explanation for microcontinent formation is to involve
thermal weakening of the lithosphere by a mantle plume as
proposed byMüller et al. (2001) andMjelde et al. (2008). Numerical
models by Yamasaki and Gernigon (2010) questioned this model
but also emphasize the importance of the proto-microcontinent
stage. Like other similar microcontinents, the JMMC could mostly
develop if two decoupled rifting zones already initiated at an early
stage on either side of a continental ribbon. Our favoured tectonic
scenario highlights the importance of a distinct independent and
overlapping continental rift and/or spreading system not directly
linked and coupled with the growing Aegir Ridge. An early over-
lapping rift/spreading system should support a distributed exten-
sion in the JMMC area, and should prevent a complete localization
of the stress towards a unique oceanic ridge (e.g. the Aegir Ridge).
This assumption indirectly suggests that the Aegir Ridge and the
northwards propagating Reykjanes Ridge never really connected
(see cartoons in Fig. 13). Such an overlapmay question the nature of
the crust located between the JMMC and the Faroe Platform, which
cannot be properly interpreted south of NB-07. Some authors have
claimed that the excess thickness along the Faroe-Iceland Ridge is
not necessarily attributed to anomalous magmatism but could also
be (partly?) attributed to a block of buried continental crust that
may extend up to the JMMC and Iceland (Foulger, 2006; Paquette
et al., 2006; Breivik et al., 2012). A continuous and post-breakup
overlap of the two ridge systems (Reykjanes Ridge to the south
and Aegir Ridge to the north) separated by a piece of attenuated
continental or transitional crust may support this idea.
revisited: From continental breakup to spreading ridge extinction,
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Nevertheless, this model should require further investigation of the
southern JMMC and its unclear associationwith the Aegir Ridge and
the Reykjanes Ridge adjacent to the Faroe-Iceland Ridge, an area
strongly influenced by late magmatism associated with the
submergence of Iceland in Miocene time but difficult to interpret
partly due to the lack of good geophysical data.

Independently of the presence of any kind of mantle anomalies,
an early overlapping configuration could be a key condition required
for microcontinent formation as earlier put forward by Auzende
et al. (1980) and Unternehr (1982). Koehn et al. (2008) also show
in a similar way that even stable lithosphere under extension can
develop into a microplate system just by natural overlap of rift
segments. The conceptual model put forward in the present paper
suggests a natural rift and primary plate mechanism for the JMMC
microcontinent initiation. This overlapping model for the JMMC is,
however, not necessarily incompatible with the concept or the
presence of a mantle “plume” or any other kind of mantle anomaly
in the vicinity of the NorwegianeGreenland Sea. Such a mantle
thermal anomaly could have interacted with the existing and
overlapping system and may explain the discrete Eocene ridge
jumps proposed in the present study. The Iceland hot-spot might
have influenced plate boundary reorganisations that ultimately led
to seafloor spreading cessation in this basin (see also Gaina et al.,
2009). Late sub-crustal magmatism associated with a rising plume
or other kind of mantle anomalies could be a factor that could
facilitate and trigger the final insulation of the microcontinent.

6. Conclusions

A new aeromagnetic survey that completely covered the eastern
NB allowed us to re-evaluate the basin’s tectonic features, its
spreading history and the syn- and post-breakup relationships with
the surroundings margins. The new compilation documents the
adjacent volcanic margin sub-division from a transform to a rift and
a shear margin segments formed between the East Jan Mayen
Fracture Zone and the Faroe-Iceland Ridge affected by unusual
post-breakupmagmatism. According to our new interpretation, the
early Cenozoic evolution of the NB developed in two distinct
stages:

Phase I (from chrons C24b to C21r, 53.3e49 Ma): Breakup and
incipient seafloor spreading initiated in the central part of theMøre
Marginal High and propagated regionally from northeast to
southwest. In the southwestern part, shearing along the COT is
observed and probably coincided with the development of a shear
margin in the northern part of the Faroe Platform. During this
period, competing oceanic segments have been observed leading to
the formation of second and third order unconformities charac-
terised by an overlapping system leading to the Norway Basin
Fracture Zone development. The new NB-07 survey also suggests
the presence of off-axis magmatism and/or aborted fissure swarm
and rift axis, which indicate a local instability and a magmatic pulse
in the early spreading system during Ypresian time, still influenced
by a considerable production of crust.

Phase II (from chron C21r to C10, 49e28.5 Ma): the spreading
centre records an important Mid-Eocene adjustment before the
Oligocene extinction of the Aegir Ridge (shortly after C10). This
phase has not been documented and properly identified in the
previous literature. Phase II characterises a clear change of the
spreading direction, a decrease in spreading rate and higher rigid
faulting. During this phase, a crude northward-widening, fan-sha-
ped, magnetic anomaly pattern developed along the active Aegir
Ridge. The new survey clearly shows that the fan-shaped evolution
initiated at C21r (49.0e47.9 Ma) instead of C18eC13 (40.1e33 Ma)
or C24 as previously proposed. The major phase of extension and
dislocation of the JMMC most likely pulsed during the onset of this
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Phase II in the NB until it reached a second phase of breakup in the
Late Oligocene. This is a more precise and valid interpretation
compared to previous models, limited by lack of data. To accom-
modate the spreading in the NB, extension of the southern JMMC is
definitively required at least since the late Early Eocene, i.e. 24 Ma
before the second phase of breakup at C6b (west of the JMMC). We
also note that this reorganisation of the NB around C21r, coincides
with discrete magmatic, tectonic and stratigraphic changes docu-
mented in the surrounding margins at the Late Ypresian-Early
Lutetian transition and a correlation is proposed.

A comprehensive model of the plate boundary evolution around
the JMMC was also developed by taking into account the inter-
pretation of the new NB-07 dataset and the regional tectonic
setting. The new survey already provides significant new observa-
tions which reveal the complexity of the NB. Nevertheless, we
believe that a new remapping of the western and remaining part of
the NB is still necessary to fully understand of the spreading system
between the Møre margin and its intermediate JMMC conjugate
system. This would also provide a unique opportunity to get
a complete spreading system fully covered by high resolution
magnetic data.
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